Copper is considered as a cornerstone of grapevine downy mildew and olive fly management in Apulian organic farms in particular and in the Mediterranean area in general. In this work we studied the influence of soil properties, cultural practices, and pest management strategies on copper concentrations and accumulation in organic vineyards and olive groves of Apulia (south-eastern Italy). with ICP-OES, showed a moderate Cu accumulation, higher in the shallow layer than in the subsoil and in vineyards than in olive groves in all the sampled farms and for both sampling layers. Cu accumulation increased with increasing copper-based treatments number and application rates, and also with increasing pH H2O , clay, and organic matter. Copper availability was higher in the shallow layer than in the subsoil and in vineyards than in olive groves especially in 0-0.2 m layer. Results showed that copper has a medium accumulation in Apulian soils, therefore regulations limiting its use (i.e. CR 473/2002) should be rigorously applied and its alternatives use should be encouraged in order to minimize possible long term effects on soils.
Introduction
Italy is one of the leading country in Europe and in the Mediterranean area in terms of organically managed land surface. In 2006, organic agriculture covered 1,067,102 ha of Italy's agricultural land. Organic groves cover 106,936 ha while organic vineyards cover 33,885 ha (Willer and Yussefi, 2007) . Apulia represents 9% of the Italian organic land whereas organic surface represents 6.9% of the regional agricultural area. Olive groves cover 28% (23,258 ha) and vineyards cover 3% (2,888 ha) of the regional organic agriculture surface, respectively (Pugliese, 2006) .
Copper is one of the most important pesticides used in organic farms. It is effective against a high number of crops pests being utilized as a fungicide, a bactericide and also as a herbicide. More than 300 plants pests can be controlled by copper-based formulations (CDA-UK, 2003; Belcari and Bobbio, 1999 not excluded in the future. On the opposite of many other pesticides, copper use limitation is not due to its residues in food products or its negative impacts on consumers' health but rather to its accumulation in soils that can lead to a reduction of soil biological activity. In fact, it is neither degraded nor metabolized in the soil where it tends to build up (Besnard et al., 2001; Pietrzak and McPhail, 2004) and can become toxic to soil-dwelling organisms (Banu et al., 2004) . Copper is one of the essential elements for all living organisms; however it becomes toxic at concentration exceeding certain limits. Plants requirements in copper are very low and they hardly reach 1-2 kg/ha/year (Gessa and Ciavatta, 2005) . Organic matter and pH are the main factors that influence copper accumulation and availability in soil (Schulte and Kelling, 1999) . Copper is soluble in acid environments (Adriano, 1986) and precipitates in alkaline media (Adriano, 1986; ATSDR, 1990) .
Average copper concentration in uncontaminated Italian soils is about 50 mg/kg, with values ranging between 5 and 100 mg/kg (Gessa and Ciavatta, 2005) . In Italy, soil copper attention threshold has been fixed at 100 mg/kg (Decrees 99/92 and 22/97) while allowed maximum copper limit is 120 mg/kg for soils destined to residential and recreational uses. That limit becomes 600 mg/kg when soils are dedicated to commercial and industrial uses (Ministerial Decree 471/99).
Although in the Apulian organic farms in particular and in the Mediterranean area in general, copper is considered as a cornerstone of grapevine and olive trees pest management, few information are available on its environmental impact on soils in this area.
The objective of the present research is to monitor copper concentrations in some Apulian organic olive groves and vineyards and to relate them to the main soil physical and chemical characteristics (organic matter, clay, carbonate, and pH) and to crops and pests management practices (number of treatments and doses).
Materials and methods

Soil sampling
For the purpose of this study, five organic farms operating in the Apulia region (Bari and Taranto provinces) were selected. During April and May 2005 , 2006 , before organic farmers started treatments during the new olive and vine growing seasons, soil samples were collected at 0-0.2 m and 0.2-0.4 m depths in the following organic farms: IAMB, Papparicotta, De Carlo, Pietrarossa and La Pizzica. Selected farms represent a wide range of soils physicochemical properties and microclimates. In each farm and at each site, three sub-samples were collected from different places, which were bulked to obtain a representative sample for the site. At least three samples were taken from each field. Sampling points were referenced in 2005 in order to sample soils from the same points during the following years.
Control selection
In order to estimate background/baseline total copper concentrations in each farm and sampling site, soil samples were also collected at the same depths from some untreated locations, fallows, and other fields, as close as possible to vines and olive trees lines.
In the case of La Pizzica farm, a cereals (oat) field, on which no copper was used during last years was considered as a control for olive groves and vineyards. In the remaining four farms (IAM-B, Papparicotta, Pietrarossa, and De Carlo), control samples were collected from the fields edges in order to have samples with the same soil characteristics.
Olive groves (extensive or semi-extensive crop) edges are quite large so that control samples can be collected at a long distance (10-20 m) from the fields edges. In vineyards, which are grown in an intensive way in Apulia, control samples were collected at 5-10 m from fields edges. Therefore, in the case of vineyards it is not possible to completely exclude the existence of a drift or shift effect especially when highpressure sprayers (atomizers) are used for performing treatments. Applications were performed by farmers but we asked them to pay attention while treating in order to have accurate results. Therefore, it must be stressed that the selection of a suitable control soil, which is basic in order to make reliable comparisons, must be carried out in the most accurate way when considering field situations like those found in the course of the present work in organic vineyards of Apulia.
Soil physical and chemical analyses
Prior to analysis, soil samples were air-dried at greenhouse temperature (approximately 25-30°C ), lightly ground, mixed thoroughly in order to homogenise them, and sieved through a 2 mm stainless steel sieve. Soils chemical and physical analyses were carried out in accordance with internationally recommended and accepted analysis procedures and/or Italian official methods (MiPAAF, 1999) . Particles sizes distribution was determined using the pipette method (Gee and Bauder, 1986) , after dispersion of soil samples with sodium hexametaphosphate and sodium carbonate solutions. Textural classes were determined in accordance with USDA classification. Soil pH was measured by a glass electrode (Crison Basic 20 ® ) in distilled water (pH H2O ) and in a 1 M CaCl 2 (pH CaCl2 ) using a suspension 1:2.5 soil to liquid phase ratio. Electrical conductivity (EC) was determined by a conductimeter (XS 510 ® ) on an aqueous extract (soil filtrate) of a mixture soil to water 1:2.5 ratio. Organic carbon was determined by Walkley & Black method modified by Jackson (1958) . Total carbonate was determined using a volumetric method based on its dissolution by hydrochloric acid (HCl) followed by measurement in Dietrich-Fruehling calcimeter. Active calcium was extracted with ammonium oxalate and titrated by potassium permanganate (KMnO 4 ). Simultaneous extraction of available Cu, Fe, Zn, and Mn was made, only in 2007, by DTPA (0.05 M DTPA, diethylenetriaminepentaacetic acid + 0.01M CaCl 2 + 0.1M TEA, trietanolamine, solution buffered at pH = 7.3) and suspensions were shaken for 2 h at 25 °C at 80 shakings/min (Lindsay and Norvell, 1978) . Suspensions were then filtered through Whatman no. 42 filter paper before their analysis by ICP-OES (Thermo Electron, ICAP 3000) at the following wavelengths: Cu at 324.75 nm; Zn at 213.85 nm; Mn at 257.61 nm; and Fe at 239.56 nm.
Copper predicted environmental concentrations (PECs)
In the Environmental European Agency glossary (2009), PEC is defined as "the estimated concentration of a chemical in an environmental compartment calculated from available information on its properties, its use and discharge patterns, and the quantities involved".
PECs are estimated taking into consideration that copper, as all inorganics, does not degrade between its application and sampling. Moreover, it is assumed that the whole quantity of copper sprayed remains in the top 0.1 m horizon and that all sampled soils have a bulk density equal to 1.25 (g/cm 3 ). It is also assumed that even if plants intercept a part of copper during treatments, that fraction ends up in soils after rain-induced washing-off or after leaves drop. Of course, it is supposed that copper-based pesticides application was homogeneous in all fields. Copper leaching is assumed to be low since there is a short period between copper application and soils sampling and analysis. Furthermore, none of the sampled soils is sandy. In addition, it is also assumed that the amount of copper absorbed by plants and stored in the different organs (leaves, bunches, shoots, etc.) that are removed by some cultural operations (hard and green pruning, bunches thinning, harvest, etc.) is so small that it can be neglected. Calculated PECs represent, somehow, the theoretical annual input of copper in treated soils.
Total copper analysis
Total copper concentrations were determined in 2005, 2006 , and 2007 as follows: 0.5 g of fine soil were put in 50 ml Teflon vessels, 3.0 ml of 75% HNO 3 , 1.0 ml 37% HCl and 1.0 ml of 30% H 2 O 2 were added. Digestion was carried out in a microwave oven (CEM, MarsX Press) as follows: 3 min at 140 °C; 3 min at 165 °C, and 20 min at 190°C. Soil extracts were then filtered by Whatman 42 paper filter and analyzed by an optical emission spectrometer (Thermo Electron ICAP 3000) at 324.75 nm wavelength. All chemicals used were of analysis grade and purchased from Aldrich (Sigma-Aldrich, Milan, Italy).
Statistical analyses
Copper concentrations and soils properties were analysed by one-way analysis of variance (ANOVA) and Student's T-test. Duncan test was used for multiple range comparison of means. Significant differences were determined at P ≤ 0.05. Linear regressions were used to test relationships between various soil properties with total and available copper concentrations. Correlation analyses were performed using the Least Squares method. An SPSS (Statistical Package for the Social Sciences) software ver-sion (SPSS 12.0 for Windows) was used to carry out all above-mentioned statistical tests.
Results and discussion
Soil physical and chemical properties
Chemical and physical analyses highlighted notable differences in terms of total carbonate, clay, and organic matter contents even when considering soils sampled from the same farm and at the same depth, while pH values were very similar (Tab. 1). No significant differences were observed in terms of organic matter (OM) and clay contents between soils sampled in the same farm and field but at different depths. Most soils had silt loamy and loamy textures according to USDA classification. Clay content increased with increasing depth. In 0-0.2 m layer, it ranged from 60 g/kg (La Pizzica olive grove) to 304 g/kg (La Pizzica vineyard) while in the subsoil (0.2-0.4 m) it ranged from 75 g/kg (La Pizzica olive grove) to 371 g/kg (De Carlo olive grove). Most pH (pH H2O and pH CaCl2 ) values were above 7. As expected, pH H2O was higher than pH CaCl2 . EC values were similar in both sampling layers. They ranged from 0.11 dS (La Pizzica olive grove) to 0.45 dS (IAM-B vineyard) in the shallow layer while in the subsoil they ranged from 0.13 dS (Pietrarossa olive grove) to 0.36 dS (La Pizzica olive grove). As expected, OM contents were higher in the shallow sampling layer with respect to the subsoil. In 0-0.2 m layer, values ranged from 6.6 g/kg (La Pizzica olive grove) to 55.9 g/kg (La Pizzica cherry orchard). In 0.2-0.4 m layer, they ranged from 5.9 g/kg (La Pizzica olive grove) to 48.2 g/kg (La Pizzica cherry orchard). Total carbonate (TC) showed a high variability from a farm to another. Contents were higher in organic vineyards than in olive groves probably because Apulian vine growers are used to grind calcareous rocks of the primary ecosystem when they establish new vineyards whereas this agronomical practice is not adopted in Apulian olive groves. In 0-0.2 m layer, TC contents ranged from 8 g/kg (Pietrarossa olive grove) to 765 g/kg (La Pizzica olive grove) while in the subsoil layer they ranged from 5 g/kg (Pietrarossa olive grove) to 823 g/kg (La Pizzica olive grove).
Copper use
The average quantities of copper used per ha in 2004, 2005 and 2006 in the different farms and fields and copper predicted environmental concentrations (PECs) are shown in and it is calculated considering the whole organic farm surface, considering farm documentation and copper purchase, and not each hectare of that farm or each field. This means, in practical terms and for organic certification purposes, that even when the total quantity of copper used on a specific crop (e.g., grapevine) is higher than 6 kg/ha/year, organic farmers can stay in line with the organic regulation limiting the use of copper on another crop (e.g., olive). This practice may solve the problem from the legislative point of view but, for sure, not from the environmental point of view being potentially related to the accumulation of this heavy metal in organic farms. Furthermore, it should be underlined that even when using the same commercial product and making the same number of treatments, the quantity of copper used can be different because it depends also on the use rates and on the quantity of mixture (pesticide + water) that is distributed in each application.
As can be seen in Table 2 , large differences are evident in terms of copper quantities used on olive trees and grapevines. These quantities are representative of the annual average amount of copper used in these farms since their conversion to organic agriculture.
Total copper accumulation in soils depends both on the quantity used during the growing season preceding sampling and analysis dates and on the whole copper input (treatments, fertilizers, organic amendments, olive milling waste water, etc.) during previous years especially from farms conversion to organic agriculture. Therefore, farms establishment and conversion years and some data regarding copper historical use are presented also in Table 2 .
The highest quantity of copper was used in Pietrarossa vineyard (46.8 kg/ha), which should have determined an increase of total copper concentrations in the first 0.1 m equal to 37.4 mg/kg. The lowest quantity during the same period was used in Papparicotta olive grove (7.6 kg/ha) with an estimated PEC equal to 6.8 mg/kg.
Total Copper
Total copper concentrations were determined in 2005, 2006 and 2007. The influence of depth, crops, copper-based treatments, and soil chemical and physical properties on total copper concentrations was also studied.
In 2005, the highest total copper concentrations were registered in soils where copper was heavily used in treatments. It ranged from 27.2 (La Pizzica olive grove) to 160. This result contradicts that found by Pietrzak and McPhail (2004) in vineyards soils of Victoria (Australia) where copper resulted more concentrated in shallow layers. This difference may be explained considering that repeated soil cultivations and tillage, to which olive groves and vineyards soils are subjected in Apulia region, result in mixing up the different soil profile lay- ers leading to a homogenisation of the metal along the soil profile. However, results obtained in untilled controls were in line with those obtained by Pietrzak and McPhail (2004) . Copper was more concentrated in vineyards where high quantities are used for downy mildew management and in treated soils with respect to untreated controls. In 2006, copper concentrations resulted highly variable in both sampling depths but they were more variable in 0-0.2 m than in 0.2-0.4 m one. Similar results were obtained by Brun et al. (1998) in French Mediterranean vineyards. In 0-0.2 m layer, total Cu ranged from 22.8 (La Pizzica olive grove) to 189.9 mg/kg (Pietrarossa vineyard) while in the subsoil it ranged from 46.9 (Papparicotta vineyard) to 159.6 mg/kg (Pietrarossa vineyard). These values are lower than those found in northern Italy where climatic conditions are more favourable to grapevine downy mildew. In a study carried out in Italy by Deluisa et al. (1996) , average Cu contents of vineyard soils were 297 mg/kg in the wet Northern mountainous regions where fungicidal treatments against downy mildew are frequent, 200 mg/kg on the wet plains and only 75 mg/kg in the southern dry areas where fungicidal treatments, especially those for controlling downy mildew, are much less frequent.
In 2007, total copper ranged from 24.6 (La Pizzica olive grove) to 162.8 mg/kg (Pietrarossa vineyard). Values were higher in the shallow layer than in the subsoil (78.8 ± 4.9a in 0-0.2 m and 73.2 ± 4.8 a in 0.2-0.4 m, P = 0.421). Rusjan et al. (2007) found that soil total copper contents decreased in deeper profile layers in vineyards located in sub-Mediterranean plains of Slovenia. Brun et al. (1998) and Besnard et al. (2001) , when studying Cu distribution with depth, found that input from treatments was essentially concentrated in the upper layers in French vineyards located in the Mediterranean and Champagne regions.
In our study, vineyards contained more total copper than olive groves. An increase of copper concentrations was observed in treated parts with respect to controls except in Papparicotta vineyard. In the 0-0.2 m layer of IAM-B organic vineyard, copper resulted homogeneously distributed when comparing the inter-rows (62.1 mg/kg) and on the rows (57.8 mg/kg). This result can be considered as an example of the situation likely to be encountered in Apulian vineyards which, as it has been pointed out before, are grown in an intensive way so that the existence of a drift effect cannot be excluded especially when using high-pressure atomizers in a Tendone training system. Anyway, no significant differences were highlighted between total copper concentrations on the row and between rows (P = 0.393 for 0-20 and 0.627 for 20-40 sampling layers). These results are in disagreement with those found by Pietrzak and McPhail (2004) in Victoria who reported a systematic decrease of total copper concentrations when moving away from vines rows with some differences between young and old vineyards.
Total copper concentrations were comparable, but more variable, to those found by Rusjan et al. (2007) in the Sub-Mediterranean vineyards in Slovenia (71 to 160 mg/kg). Brun et al. (1998) found that copper contents ranged from 31 to 251 in French Mediterranean vineyards. Much higher concentrations, up to 1500 mg/kg, were found in some non-coastal European winegrowing regions (Flores-Veles et al., 1996; Brun et al., 1998; Pietrzak and McPhail, 2004) . Our values were much lower than those determined in some renewed French winegrowing regions where copper have been used for more than a century, such as Bordeaux (800 mg/kg), Burgundy and Champagne (400-500 mg/kg) (Brun et al., 1998) . The lower values obtained in our work are likely related to the dry climatic conditions occurring in the Mediterranean area which are less favourable to vine downy mildew development thus allowing lower copper applications and also the use of alternative Cu-free active ingredients in Apulian vineyards.
The only significant correlations found between total copper and soil physical and chemical properties were those with available zinc and total carbonate (Tab. 3). Furthermore, copper resulted positively correlated with organic matter contents and pH values. (1973), Stevenson and Fitch (1981) , and Besnard et al. (2001) reported that copper tend to accumulate in the upper soil horizons because organic matter is a major Cu sorbent. However, no significant difference was highlighted between copper accumulation in both depths (P = 0.408). In the shallow layer, the highest copper accumulation was registered in Pietrarossa vineyard, where the highest quantity of copper was used, while the lowest one was recorded in soil samples collected from La Pizzica oat field, where copper has never been used.
Depth influence on total copper accumulation
Total copper accumulation in the sampled farms
Copper accumulation changed sensibly when moving from a farm to another. In the shallow layer (0-0.2 m) it ranged from 15.0 mg/kg in Pietrarossa samples to 5.0 mg/kg in Papparicotta farm. In the subsoil (0.2-0.4 m), copper accumulation ranged from +13.5 in IAM-B farm to -4.0 mg/kg in Pietrarossa farm. Anyway, no statistically significant differences were observed between farms in terms of copper accumulation in the shallow sampling layer (P = 0.297) as well as in the subsoil (P = 0.204) (Fig. 1) .
Crops influence on total copper accumulation
Copper accumulation was higher in organic vineyards than in olive groves in all sampled farms and for both sampling layers. It is assumed that differences between species within the same farm are due mainly to different Cu application rates. The highest difference between vineyards and olive groves was found in IAM-B farm in the shallow layer while the lowest difference was determined in the same farm but in the deeper sampling layer. Anyway, differences in terms of copper accumulation between vineyards and olive groves were not significant from the statistical point of view in all (2005, 2006 and 2007) at the same depth, from the same farm and same field (same crop). Histograms with different letters are significantly different according to Student's T-test at considering first risk value P ≤ 5%. Letters refer to differences between plant species within the same farm. In the case of La Pizzica farm, statistical analysis regarded only total copper accumulation in the vineyard and the olive grove without taking into consideration samples collected from cereals (oat) field. Bars represent standard errors of the means. farms in the shallow layer (P = 0.143 IAM-B; 0.177 for Papparicotta and 0.620 for La Pizzica) as well as in the subsoil (P = 0.917 for IAM-B farm) (Fig. 2) .
Effect of treatments on copper accumulation
In order to investigate the effect of treatments on copper accumulation, we compared predicted copper accumulation based on copper use and its effective concentrations. Copper predicted or estimated accumulation was lower than its effective or observed accumulation except in IAM-B and Papparicotta olive groves and vineyards (Fig. 3 ). This may be explained also, at least to a certain extent, by copper leaching, uptake by vines and olive trees or other weeds and/or retention at the roots zone. That's why also rainfall should be measured given its effect on copper leaching and runoff. However, runoff phenomena should be very low since this work was carried out in Apulian plains where fields were flat and soil erosion was well controlled also using cover crops.
A positive but not significant correlation between effective or observed copper accumulation (ECA) and predicted copper accumulation (PCA) was observed. In fact: ECA = 1.122 PCA, R 2 = 0.399.
Influence of soil chemical and physical properties on copper accumulation
Copper accumulation increased with increasing pH, clay, and organic matter contents and decreasing total carbonate contents. The highest correlation coefficient and the lowest P-value (significance) were found between copper accumulations and clay contents (Tab. 4).
Available copper
All soil samples exceeded the threshold of 0.1 mg/kg Cu-DTPA (Sims and Johnson, 1991) considered as an indicator of copper deficiency, and most of them reached and went above the upper limit of 2.5 mg/kg. Available copper ranged from 1.0 to 46.4 mg/kg in 0-0.2 m layer and from 0.3 to 16.9 mg/kg in 0.2-0.4 m one. Copper availability was also significantly influenced by depth (Fig. 4) . In French Mediterranean vineyards, DTPA-extractable Cu ranged from 5 to 52% of total copper (Brun et al., 1998) .
Copper availability was high despite the fact that the sampled soils had pH H2O values over 7.5. This result is in disagreement with that found by Miller and Donahue (1990) who reported that with basic pH (aqueous extract) of over 7.5 copper is not readily extracted and is probably immobilised in the topsoil layer. Furthermore, Herms and Brümmer (1984) reported that Cu solubility in soils is at a minimum between pH 5 and 6.
ANOVA test showed that "farm" factor had a significant influence on available copper concentrations in both sampling layers. A strong relationship was evident between available copper concentration (expressed as mg/kg) and copper availability (expressed as percentage of available copper on total copper concentrations) since Pietrarossa farm contained the highest available copper concentration and it was also the farm where copper was the most available while La Pizzica farm is characterized by the lowest available copper concentrations and copper availability.
Available copper concentrations resulted higher in organic vineyards with respect to olive groves except in IAM-B farm. In both sampling depths (0-0.2 and 0.2-0.4 m), available copper concentrations and copper availability were higher in treated fields parts with respect to untreated ones both in organic vineyards and in olive groves.
Conclusions
During the period 2005-2007, total and available copper concentrations were determined on about 70 soil samples collected at 0-0.2 m and 0.2-0.4 m depths from 13 organic olive groves and vineyards in five Apulian organic farms.
In the case of vineyards, grown in an intensive way, the importance of a suitable selection of control soils was stressed, since the existence of drift and shift effects cannot be excluded, especially when high-pressure sprayers (atomizers) are used for performing treatments.
In the sampled farms, copper application in 2004, 2005, and 2006 ranged from 7.6 to 46.8 kg/ha, whereas average total copper accumulation ranged from +15.0 to +5.0 mg/kg in 0-0.2 m layer and from +13.5 to -4.0 mg/kg in the 0.2-0.4 m depth. Total copper concentrations were much lower than those determined in some noncoastal European area and in some famous French winegrowing regions. This result were ascribed to the dry climatic conditions occurring in the Mediterranean area which are less favourable to vine downy mildew development. They were higher in vineyards than in olive groves in all sampled farms and for both sampling layers and in all soils they increased with increasing pH H2O , clay, and organic matter. Total copper values increased also with increasing copper-based treatments number and application rates. Regarding copper availability, it was higher in vineyards than in olive groves especially in 0-0.2 m layer and it was positively correlated with the number of years during which cupric formulations have been used. Copper availability decreased with increasing pH H2O , clay, and organic matter but it was high despite alkaline pH H2O values.
Our results pointed to a moderate copper accumulation in Apulian soils. Nonetheless, alternative non-cupric products should be encouraged in order to minimize the possible long term effects on soils.
